There has been a recent and unexpected report that D-mannoheptulose inhibits the metabolism of D-glucose in pancreatic islets much less at a low than a high concentration of D-glucose [1] . This situation is a mirror image of that characterising the effect of the heptose on D-glucose phosphorylation by islet homogenates [2±4]. We used D-mannoheptulose hexaacetate, which was recently shown to inhibit D-glucose metabolism in cells otherwise resistant to unesterified D-mannoheptulose [5] , to investigate further the possible mechanisms responsible for the different findings in islet homogenates and intact islets.
Summary It was recently, and surprisingly, found that D-mannoheptulose did not affect D-glucose metabolism and insulinotropic action in pancreatic islets incubated at a low concentration of D-glucose. To explain this finding, the metabolism and secretory response to the hexose were investigated in rat islets exposed to D-mannoheptulose hexaacetate, which was recently found to inhibit D-glucose catabolism in cells that are otherwise fully resistant to the heptose. At a high concentration of D-glucose (16.7 mmol/l), the utilisation of D- H]glucose and oxidation of D-[U- 14 C]glucose, as well as the insulinotropic action of the hexose, were affected less by D-mannoheptulose tetraacetate than by unesterified D-mannoheptulose. This coincided with a reduced uptake of the ester by intact islets and a lower rate of hydrolysis of the ester in islet homogenates compared with findings in other monosaccharide esters such as D-glucose pentaacetate. At a low concentration of D-glucose (2.8 mmol/l), D-mannoheptulose hexaacetate was slightly more efficient than the unesterified heptose in reducing D-glucose catabolism, but still failed to suppress the secretory response to the hexose. These findings do not necessarily mean that unesterified D-mannoheptulose enters beta-cells more efficiently at high than at low extracellular Dglucose concentrations, especially if possible differences in the respective contributions of distinct islet cell types to the overall catabolism of D-glucose by whole islets is allowed for. These data do not rule out the possibility that D-glucose phosphorylation is more resistant to D-mannoheptulose in beta cells incubated at a low than a high concentration, independently of any difference in the intracellular concentration of the heptose. However, the mechanism of this resistance is still not explained. [Diabetologia (1998) 
41: 1109±1113]
Keywords D-mannoheptulose (hexaacetate), pancreatic islets, insulin release, D-glucose metabolism lected molecules [1] in intact islets, and the activity of esterases in islet homogenates [8] were identical to those described in the cited references. In the esterase assay, the spontaneous hydrolysis of D-mannoheptulose hexaacetate and a-D-glucose pentaacetate (Sigma Chemicals) were 27.9 ± 3.5 % and 6.0 ± 3.1 % (n = 3±4) respectively of the total amount of ester that was present initially in each sample. No sizeable hydrolysis of these esters could be detected, however, when they were placed in the HEPES-and bicarbonate-buffered media [4] used for the incubation of intact islets.
All results are presented as mean values ( ± SEM), together with the number of individual observations (n). The statistical significance of differences between mean values was assessed by Student's t-test.
Results
Secretory data. At a high concentration of D-glucose (16.7 mmol/l), D-mannoheptulose hexaacetate inhibited insulin release (p < 0.001). The relative magnitude of the inhibitory effect was not affected appreciably by the concentration of the ester, at least in the range 0.1 to 1.0 mmol/l (Table 1) . At the latter concentration, the ester was less efficient (p < 0.001) than unesterified D-mannoheptulose in suppressing glucose-stimulated insulin secretion. In islets exposed to 2-ketoisocaproate (5 mmol/l), the enhancing action of D-glucose (2.8 mmol/l) on insulin release was somewhat lower, but not significantly so (p > 0. C]glucose. This resulted in an increased paired ratio (p < 0.001) between oxidation and utilisation in islets exposed to the higher compared with the lower concentration ( Table 2) . Likewise, the 16.7 : 1.7 mmol/l ratio for the production of Findings in islets exposed to D-mannoheptulose hexaacetate differed in several respects from those just described for the islets incubated with the unesterified heptose. Firstly, at the low concentration of Dglucose, the inhibitory action of D-mannoheptulose hexaacetate on the hexose catabolism seemed greater than that of an equimolar concentration (1.0 mmol/l) of unesterified D-mannoheptulose. Thus, the overall mean value for both D-glucose utilisation and oxidation in islets exposed to D-mannoheptulose hexaacetate (1.0 mmol/l) was 72.9 ± 2.6 % (n = 10) of the C]glucose was also more pronounced than that of unesterified D-mannoheptulose (1.0 mmol/l). When these series of radioactive metabolites are considered together, their production rates in D-mannoheptulose hexaacetate concentrations of 1.0 and 5.0 mmol/l were 74.7 ± 3.1 % (n = 16) and 50.0 ± 3.9 % (n = 38) respectively of the mean corresponding control values.
The second difference, seen in islets incubated with 16.7 mmol/l D-glucose, was that the inhibitory action of D-mannoheptulose hexaacetate (1.0 mmol/ l) on both D-glucose utilisation and oxidation was significantly less pronounced (p < 0.001) than that of an equimolar concentration of the unesterified heptose. The overall mean value, relative to the corresponding control reading, was 82.1 ± 2.9 % (n = 16). This situation is thus a mirror image of that found at the low concentration of D-glucose. The concentration of Dmannoheptulose hexaacetate had to be increased to 5.0 mmol/l to reach an overall value for D-glucose utilisation and oxidation (relative to the corresponding control measurements) of 57.4 ± 2.3 % (n = 38) comparable to that found in the presence of only 1.0 mmol/l unesterified D-mannoheptulose. As with results at the low concentrations of D-glucose, however, D-mannoheptulose hexaacetate (1.0 or 5.0 mmol/l) increased (p < 0.03) the paired ratio between D-glucose oxidation and utilisation. In these experiments, the production of Enzyme data. In islet homogenates, the esterase-catalysed rate of hydrolysis of D-mannoheptulose hexaacetate (0.5 mmol/l) did not exceed 32 ± 2 pmol × islet ±1 × 60 min ±1 (n = 3), compared with 249 ± 34 pmol × islet ±1 × 60 min ±1 (n = 4) at an equimolar concentration of a-D-glucose pentaacetate (p < 0.005).
When measured with the same homogenate, the former value averaged 14.6 ± 2.8 % (n = 3) of the paired latter one. Figure 1 shows that the net uptake of the 14 C-labelled ester was not significantly different in islets incubated at either low (1.7 mmol/l) or high (16.7 mmol/l) concentrations of D-glucose.
Discussion
This study provides three essentially new pieces of information. Firstly, while confirming that D-glucose metabolism is unexpectedly resistant to D-mannoheptulose in islets incubated at a low concentration of D-glucose, it extends this information to the hexaacetate ester of the heptose. Indeed, even at a concentration of 5.0 mmol/l, the ester did not reduce the utilisation of D-[5- C]glucose by islets incubated in 1.7 mmol/l D-glucose more than was observed when only 1.0 mmol/l unesterified D-mannoheptulose was tested in islets exposed to a much higher concentration (16.7 mmol/l) of the hexose. Moreover, D-mannoheptulose hexaacetate did not suppress the islet secretory response to the low concentration of D-glucose.
Secondly, this study shows, also unexpectedly, that D-mannoheptulose hexaacetate was less potent than the unesterified heptose in inhibiting the metabolism and insulinotropic action of D-glucose in islets exposed to a high concentration of the hexose.
Thirdly, the work documents the finding that Dmannoheptulose hexaacetate does penetrate islet cells ± albeit less efficiently than a-D-glucose pentaacetate [1] . Moreover, in islet homogenates, the esterase-catalysed hydrolysis of D-mannoheptulose hexaacetate occurred at a much lower rate than that found at an equimolar concentration of a-D-glucose pentaacetate.
In our opinion, these findings justify the following speculation. Firstly, a relatively larger fraction of hexose metabolism may be attributable to non-beta islet cells in islets incubated at a low (for example, 1.7 mmol/l), rather than a high (for example, 16.7 mmol/l), concentration of D-glucose. This proposal is consistent with the knowledge that a rise in the hexose concentration increases D-glucose metabolism more in purified beta-cells than in non-beta islet cells [12] . This may partly explain the finding that in islets incubated at a low concentration of D-glucose, D-mannoheptulose does not inhibit the metabolism of D-glucose very efficiently. It may also explain why D-mannoheptulose hexaacetate was more efficient than unesterified D-mannoheptulose in inhibiting D-glucose metabolism in islets incubated at a low concentration of the hexose. In this respect, these results are similar to those recently obtained in rat parotid cells [5] , suggesting that D-mannoheptulose is poorly transported into non-beta islet cells. The latter suggestion is compatible with the regulatory role in D-glucose utilisation that is currently ascribed to hexose transport across the plasma membrane of non-beta islet cells [13] . The suppression of D-glucose metabolism in non-beta islet cells by Dmannoheptulose hexaacetate but not by the unesterified heptose, may also partly explain why the ester was more efficient than D-mannoheptulose in increasing the paired D-glucose oxidation: utilisation ratio. This ratio is indeed higher in purified beta cells than whole islets [14] , and increases as a function of the extracellular concentration of the hexose in beta cells but not in non-beta islet cells [12] .
Secondly, although these data do not entirely rule out the possibility that D-mannoheptulose enters the beta cell more efficiently at high than low extracellular concentrations of D-glucose, they suggest that such a change in D-mannoheptulose transport is insufficient to explain all the experimental findings. The change is unlikely to account for the fact that even in the presence of D-mannoheptulose hexaacetate, the insulinotropic action of D-glucose, tested in low concentration (for example, 2.8 mmol/l), was not abolished, as has been documented in the experiments conducted in the presence of 2-ketoisocaproate. However, despite efficient accumulation in beta cells, the ester of D-mannoheptulose may be hydrolysed slowly in these cells, so that the resulting inhibi- tion of hexokinase isoenzymes represents a delayed phenomenon. Two converging series of findings are consistent with a delayed phenomenon. On one hand, in islets exposed to a high concentration (16.7 mmol/l) of Dglucose, the inhibitory action of D-mannoheptulose hexaacetate on insulin release was affected little by an increase in the ester concentration from 0.1 to 1.0 mmol/l. On the other hand, at the high D-glucose concentration, both the release of insulin and metabolism of D-glucose were less severely affected by Dmannoheptulose hexaacetate than by the unesterified heptose. Our measurement of esterase activity in islet homogenates further supports the view that D-mannoheptulose hexaacetate is much more slowly hydrolysed than other monosaccharide esters such as a-Dglucose pentaacetate.
Thirdly, the phosphorylation of D-glucose may indeed be more resistant to D-mannoheptulose in beta cells incubated at a low rather than a high concentration of the hexose, independently of any difference in the intracellular concentration of the heptose. As far as we know, neither the intrinsic catalytic properties of hexokinase isoenzymes nor their location in either the cytosolic or mitochondrial domains accounts for such a suggestion [4, 15, 16] . However, it is possible that in islets exposed to a low concentration of D-glucose, the utilisation of the hexose is regulated at site(s) distal to its phosphorylation ± for example, because of insufficient activation of phosphofructokinase [17] .
